Type 1 Diabetes and Sleep
Sarah S. Farabi R ecent research has increasingly identified sleep as a key process for the maintenance of good cardiovascular and metabolic health. Disturbed sleep patterns (i.e., restriction, deprivation, and fragmentation) in healthy young adults produce alterations in both metabolism and cardiovascular disease risk markers. Sleep restriction refers to reduced amount of total sleep (i.e., sleeping 5 hours instead of 8 hours); sleep deprivation refers to total sleep loss or prevention of sleep; and sleep fragmentation refers to sleep periods that are broken up by multiple awakenings throughout the night. Conditions that accompany type 1 diabetes (e.g., hyperglycemia, glucose variability, and hypoglycemia) may result in sleep disruption. Sleep disruption in people with type 1 diabetes may negatively affect disease progression and the development of complications. Thus, the purpose of this review is to summarize the relevant recent research on sleep in people with type 1 diabetes.
Sleep Quality and Sleep
Architecture (Structure of Sleep) Children (1) and adults (2) with type 1 diabetes subjectively report poorer sleep quality than healthy control subjects. Objective measures based on polysomnography (PSG) demonstrate that children with type 1 diabetes spend more time in stage 2 (lighter) sleep and less time in stage 3 (deep) sleep compared to healthy children (3) . Young adults with type 1 diabetes also exhibit more stage 2 sleep and tend to have less deep sleep during the first half of the night compared to healthy control subjects (4) . Differences in neuroendocrine correlates of sleep were also reported; growth hormone and epinephrine levels were elevated throughout the night and adrenocortotropic hormone levels were higher during the first 4 hours of the night in young adults with type 1 diabetes (4). It is apparent that important differences may exist in sleep patterns of people with type 1 diabetes compared to those of people without diabetes. However, larger studies including a wider clinical and age spectrum are needed to fully characterize sleep derangements and their impact on health and disease progression.
Effects of Disrupted Sleep on Glucose Control
Several studies have reported a relationship between A1C and sleep disturbances. Mean A1C was significantly higher in children aged 3-18 years with type 1 diabetes who self-reported problems with sleep initiation (5) and was positively associated with self- 
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reported sleeping difficulties in young adults aged 18-21 years (6). Moreover, a positive association was reported between the number of full awakenings from sleep, measured by PSG, and A1C levels in 20-to 38-year-old adults with type 1 diabetes (7).
Sleep duration also appears to affect glycemic control. Adults with type 1 diabetes who slept <6.5 hours per night had higher A1C levels than those who slept >6.5 hours per night (8). Moreover, higher A1C was associated with less time spent in slow-wave sleep (i.e., deep sleep) in 10-to 17-year-olds (3) and 19-to 61-year-olds (9) with type 1 diabetes.
These studies are all descriptive. Few studies have been developed to determine the underlying mechanisms for the observed associations between sleep and glycemic control. Insulin sensitivity was decreased after a single night of partial sleep restriction compared to a normal night of sleep (4 vs. 8.5 hours) in normal-weight adults (mean age 44.3 ± 6.6 years, mean BMI 23.5 ± 0.9 kg/m 2 ) with type 1 diabetes (10). This finding suggests that sleep restriction, a common behavior in the population, may negatively influence glycemic control. However, more interventional studies are needed to fully determine the mechanisms underlying reported associations between sleep disturbance and glucose regulation. Such research will help to inform clinical management strategies for type 1 diabetes.
Sleep Disorders
Sleep-disordered breathing is one of the most prevalent sleep disorders. Obstructive sleep apnea (OSA) and type 2 diabetes frequently occur together, and there is strong evidence to suggest the two pathologies are linked. Few studies have investigated the prevalence of sleep apnea in type 1 diabetes. The apnea index (number of apnea episodes/hour) during sleep was higher in normal weight (BMI 18.74 ± 3.58 kg/m 2 ) 5-to 11-year-olds with type 1 diabetes than in healthy ageand BMI-matched children, and, in the group with type 1 diabetes, the apnea index was higher in children with poorer glycemic control (A1C ≥8.0%) than those with good glycemic control (11) . In another study of 556 adults with diabetes (58 with type 1 diabetes), 37.4% had OSA. However, only 1.1% of the subjects who were positive for OSA had type 1 diabetes (12) . In a pilot study of 37 adults with type 1 diabetes, 40% of the subjects were found to have OSA. Subjects who had OSA were older, had a longer duration of diabetes, and were more likely to have retinopathy than those who did not have OSA (13) . Sleep apnea and excessive daytime sleepiness were more prevalent in normal-weight (BMI <25 kg/m 2 ) young adults with type 1 diabetes than in healthy control subjects (14) . Within the group with type 1 diabetes, sleep apnea was more prevalent in those with cardiovascular autonomic neuropathy than in those without (23 and 67%, respectively) (14) . OSA was common in a group of normal-weight (mean BMI 25.8 ± 4.7 kg/m 2 ) adults with type 1 diabetes (46% of the 67 subjects), and the presence of OSA was independently associated with macrovascular complications, as well as with retinopathy (15) . This study also reported that those with OSA had a longer duration of diabetes by ~9 years (15) . Although limited, these studies demonstrate that OSA is more common among individuals with type 1 diabetes than among those without diabetes, and the presence and severity of OSA are linked to glycemic control in both children and adults with type 1 diabetes. Larger-scale studies are needed to confirm these findings.
Studies investigating the incidence of other sleep disorders such as insomnia and narcolepsy in type 1 diabetes have not been reported in the literature. One study found that restless legs syndrome, a problem that is common in adulthood but of unknown prevalence in childhood, was not more common among children with type 1 diabetes than among healthy control subjects (5).
Impact of Diabetes Pathophysiology and Treatment on Sleep

Hypoglycemia
Research has shown that individuals with type 1 diabetes have a decreased awakening response to hypoglycemia during sleep (16, 17) , which could be the result of decreased counterregulatory response (18) (19) (20) . Unfortunately, nocturnal hypoglycemia is a common occurrence in both children and adults with type 1 diabetes (21-24). Adults subjectively report that nonsevere hypoglycemic events disrupt their sleep, and many have difficulty falling back to sleep after treating their hypoglycemia (25, 26) .
The impact of hypoglycemia on sleep architecture has been minimally investigated. Spontaneous hypoglycemia (<45 mg/dL) in teenagers with type 1 diabetes did not result in a change in sleep architecture compared to those who did not become hypoglycemic. However, only 6 of the total 20 subjects experienced hypoglycemia in this study, in which blood glucose was obtained via intravenous catheter every 30 minutes (27) . In another study, the number of full awakenings was significantly higher in children with type 1 diabetes, but there was no relationship between awakenings and the occurrence of hypoglycemia measured by continuous glucose monitoring (28) . In the same study, slow-wave sleep (stages 3 and 4) was significantly more prevalent during episodes of hypoglycemia. Using actigraphy to discriminate between sleep and wakefulness, hypoglycemia during sleep was associated with increased motor activity in adolescents with type 1 diabetes (29) . In children, episodes of profound hypoglycemia were associated with increased slow-wave activity (deep sleep), but rapid declines in glucose (≥25 mg/dL per hour) were associated with increased awakenings from sleep (30) . Few studies have addressed the impact of hypoglycemia on sleep architecture in adults with type 1 diabetes. Still, the prevalence of nocturnal hypoglycemia combined with anecdotal subjective reports of sleep disruption from hypoglycemia highlight the need for future studies designed to fully characterize the impact of hypoglycemia-related sleep disruption. Interestingly, it has been reported that hypoglycemia does not alter the acoustic arousal threshold in adolescents with type 1 diabetes (17), indicating that alarms may be helpful in alerting individuals when hypoglycemia occurs during sleep.
Hyperglycemia
Investigators have reported that adults with type 1 diabetes who had a mean glucose >154 mg/dL had lower overnight urinary melatonin excretion than healthy control subjects (31) . Melatonin is an important regulator of the sleep-wake cycle. These results suggest that hyperglycemia may negatively affect maintenance of a normal circadian cycle. Minimal research has been done investigating the direct impacts of hyperglycemia on sleep. As reviewed previously, there is a strong connection between disrupted sleep and poorer glycemic control; however, these studies were unable to determine causality. As noted above, one study found that sleep restriction led to impaired insulin sensitivity the next day in individuals with type 1 diabetes, which would disrupt glycemic control (10). It also is possible that sleep may be disrupted by the symptoms of hyperglycemia. Hyperglycemia leads to osmotic diuresis, resulting in the need to urinate more frequently, which may lead to sleep disruption, although no studies investigating this phenomenon have been reported. Studies comparing the effects of hyperglycemia versus euglycemia on sleep architecture in both children and adults are needed to determine whether hyperglycemia has a detrimental effect on sleep architecture.
Glucose Variability
Increased glycemic variability has been positively correlated with subjectively reported mean sleep latency (7). Pillar et al. (30) reported that rapid changes in glucose were associated with increased awakenings from sleep in children with type 1 diabetes. This finding raises the possibility that the rate of change in glucose levels may affect sleep architecture. These results highlight a need for more studies to investigate the influence of glucose variability, a common feature of type 1 diabetes, on sleep.
Blood Pressure and Sleep in Type 1 Diabetes
Blood pressure normally declines during sleep; loss of this decline is associated with increased risk for sustained hypertension, as well as an accelerated rate of development of complications (32) . In two separate studies that did not include a control group, adults with type 1 diabetes who were "non-dippers" (i.e., who did not exhibit a decline in blood pressure during sleep) had shorter sleep durations as measured by PSG and wrist actigraphy (8,33). Larger studies that include a control group are needed to confirm whether short sleep duration increases the risk of or accelerates the development of cardiovascular and microvascular complications and whether this is specific to type 1 diabetes.
Conclusion
Evidence from the literature supports the likelihood that adults and children with type 1 diabetes have altered sleep architecture and reduced sleep quality relative to individuals without diabetes. Alterations in sleep architecture may be the result of both behavioral and physiological aspects of diabetes and its management. Sleep apnea may be more prevalent in people with type 1 diabetes, and presence of OSA has been linked to impaired glycemic control. Furthermore, lack of the normal decline in blood pressure during sleep may be linked to short sleep duration in people with type 1 diabetes, and this may accelerate the development of cardiovascular and microvascular disease. Additional research is needed to better understand the mechanisms determining why and how sleep is disrupted in individuals with type 1 diabetes and what impact sleep disruption may have on diabetes management and control.
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